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Final  Report 

Near-Field  and  Distance  Cues  in  Auditory  Spatial  Displays 

EXECUTIVE  SUMMARY  . 

distance  in  spatial  auditory  displays. 

Theoretical  analysis  showed  that  the  interaural  differen^  that  arise 
are  within  a  meter  of  the  listener  resolve  source  o  known  that  binaural  cues  are  roughly 

previous  studies  of  more  distant  sources, •  L  Realization  studies  in  a  reverberant  room 

SXtogSsou™d&^d  direction  improved  gradually  with  time,  even  in  the  absence  of  drrect  feedback 
about  localization  performance. 

Headphone  simulation  studies  confirmed  that  S 

.  for  nearby  sources  in  which  the  reverberant  energy  is  no  very^  computed  primarily  from  the  signal 

distance  information.  In  fact,  our  results  suggest  that  distan  c  mp  P  J  simulate  distance 

we  ca""ot  ye‘ say  exac“y 

what  aspect  of  reverberation  provides  this  information.  ? 

chan^ftlLSSwa^Sk^eTlo^S  be  deleSe  *** 

of  these  features  is  critical  in  the  perception  of  source  distance. 

Finally,  while  including  reverberation  is  undoubtedly  helpful  i^S^ks  “  Mtato^mdies 
’  acoustic  sources  in  space,  it  may  cause  degradations  on  dJt<2ion  d  speech  intelligibility  in 

performance  on  other  tasks. 


20010326  116 


1 


Near-Field  and  Distance  Cues  in  Auditory  Spatial  Displays 
Shinn-Cunningham  &  Brungart 


PERSONNEL 

The  personnel  who  were  supported  by 

Barbara  Shinn-Cunningham  (Boston  University),  C  -  P  ,  Tedinology)  graduate  students  Fevzi 

Laboratory),  consultant  Nat  Duriach i  ^  tenmte  of  T^hnolo^h  grao 

Alimoglu  (B.U.),  Tara  Brown  (M.I.T.),  N®rhettKopco(B.U.),  Sergey  UibOT^t  ^tb^  ^  JasQn 

<»A  and  collaborators  Abhi  Kulkami 

(Bose  Acoustics)  and  Bill  Rabinowitz  (Bose  Acoustics). 

ShtomCnnttogh^  B.  G.  (1998).  “Applications  of  virtual  auditorydisplays  ”  20-  Ann  Conf  IEEE  Eng 
Brungart^D  1 S°(i 998L  ^reUndnaiy  m^^of^uditoi^dirtaiKe^Iwrteption"  for  nearby  sources"  NATO 
Bron^u^D^S^l^^^Outtrcd  of'perceived^istanCe'in^unial  auchtor, y  displays,"  2<f  Ann  Conf  IEEE 
Brung£tMDBSi0ld?98b0' ”4SiSmtond  ^dito^  locaSn  if  liearby  sources”  42nd  Annual 

Bru».1“MFSr»  * 

Brungart,  D.  S.  (1999).  “Auditory  locator 10  ^nearby  sources  m.  Stimulus  effects.  Jamal - 

H”r«kSLB”£cinntagh™,  B.Simoni,  M„  Tipei,  S.  ( 1999)  bonification  Report:  Status  of  the 

Shin^ng"|C"  " W  temtwed  auditory  localization  cues:  A  decision-theory 

model.”  Perception  and  Psychophysics,  62(1),  ii-4/.  f  confusiorr  Binaural  cues  for 

Shinn-Cunningham,  B.G.,  Santarelli,  S.  and  K?£°.  N-  (2«»>  Ton of  contusion.  Bin 

126-134.  “nictance  cues  for  virtual  auditory  space,”  Proceedings  of  the  IEEE 

^“aooS  on  Multimedia  Information  Processing,  Sydney,  Australia,  13-15 

Bru^a  S-^Rabinowitz  and  N.  I.  Duriach  (2000).  “Elation ,  of  response  methods  for  near-fleld 

auditoiy  localization  experiments.”  ThS^onol  Encyclopedia  of 

Shinn-Cunningham,  B.  G.  (2001).  bpauai  wwiray  y  ,  FranciS ,Ltd.  (m  press). 

shiiSr"^^ 

Environments  Technology,  K.  Stanney  (edHm  press).  “Spatial  unmasking  of 

BrungartJD^S.  Near-Field  Virtual  Audio  Displays  (2000).  Presence  (submitted). 


2 


Near-Field  and  Distance  Cues  in  Auditory  Spatial  Displays 
Shinn-Cunningham  &  Brungart 


RESULTS 

1.  Localization  Cues 

In  order  to  improve  our  theoretical 
understanding  of  the  acoustic  signals  that 
arise  at  the  ears  when  sources  are  within 
reach,  we  have  analyzed  and  modeled  how 
spatial  cues  change  with  position  for  sources 
within  a  meter  of  the  head.  We  have  also 
measured  spatial  acuity  in  this  region  in  a 
series  of  headphone  studies  measuring  the 
just-noticeable  difference  (JND)  in  azimuth 
as  a  function  of  distance  for  nearby  sources. 
These  studies  show  that  ,  spatial  acuity  is 
substantially  improved  for  very  close  sound 
sources  (<19  cm)  directly  in  front  of  die 
head,  but  that  there  are  no  consistent 
variations  in  the  JND  with  distance  for  other 
directions.  However,  results  indicate  that 
monaural  azimuthal  JNDs  (measured  at  the 
ipsilateral  ear)  are  substantially  improved  for 
nearby  sources,  probably  due  to  the  large 
overall  level  variations  with  azimuth  that 
occur  when  the  source  is  near  the  head. 


0  ms,  0  dB 
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e- 
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In  the  simplest  theoretical  analysis  of 
binaural  localization  cues,  the  acoustic 


monaural  azimuthal  JNDs  (measured  at  the  -i  -0.5  9  .  ,  Pr* 

ipsilateral  ear)  are  substantially  improved  for  meters  (along  interaural  axis) 

nearby  sources,  probably  due  to  the  large  Figure  1:  Iso-ITD  (every  50  microsec;  left 
overall  level  variations  with  azimuth  that  side)  and  ILD  (every  1  dB;  right  side) 

occur  when  the  source  is  near  the  head.  showing  source  positions  in  a  plane 

In  the  simplest  theoretical  analysis  of  jjjjjfcjy8  interaural  differences  at  the  ears 
binaural  localization  cues,  the  acoustic  ,  d  b  U  open  circies).  Gray  area 

effects  of  the  head  itself  were ^ ignored  (an  ioyn  of  aceP  that  a  SOUrce  at  the  ‘o’ 

“acoustically-transparent  head  condition)  g  ‘x’  (right  side)  could  occupy 

» ■— *  -  — 
^S)°rtheVresunSg  ““rot-n^toe'been  discussed  in  the  litemture  for  decades  (eg.,  **  the 
teri^on  of  'Ss  of  confusion  in  von  Hombostel  and  Wertheimer,  1920)  smpnsmgly  this  andym 
had  never  before  been  undertaken  (to  our  knowledge)  for  interaural  intensity  differences,  to  hiree  sp  , 
kn  Tjrv  olirfaces  are  perfect  spheres  whose  centers  fall  along  the  interaural  axis.  As  a  result,  the  locus 
STta  which  r^reesgiverise  to  the  same  ITDs  and  IIDs  is  a  circle  centered  on  the  mteramal  mus  (see 
Ficrnre  1)  If  one  further  assumes  that  there  is  some  uncertainty  in  binaural  perception,  this  circl 
“smeared”  into  a  finite  volume:  a  toms  (a  solid  of  rotation)  centered  on  the  interaural  axis.  The  volumes  o 
of  coZsion”  change  with  source  position;  the  toms  degenerates  to  the  normal  cone  of 
confusion  for  distant  sources  (where  IID  changes  slowly  with  position)  and  to  the  median  plane  for 
sources  far  from  the  interaural  axis  (where  HD  cues  are  uniformly  zero). 

Of  course  this  analysis  ignores  the  effects  of  the  head.  A  more  complete  mathematical  analysis  (based 
on  iterativelv  calculated^ numerical  solutions)  was  performed  in  which  the  head  is  treated  as  a  rigid  spher  . 
This  analysis  was  repeated  for  ears  located  at  diametrically  opposite  points  on  the  surfaceof  the  spher__ 
well  as  wien  the  ears  are  displaced  backward  (more  like  the  ears  on  a  listener  s  head).  The  resulting  IID 
values  changed  very  little  in  perceptual  terms  when  the  effects  of  the  head  were  included,  increasing  y 
dTahtlv  f^  sources  very  near  one  ear  (e.g.,  see  Shinn-Cunningham,  Santarelli,  and  Kopco,  2000) 
However,  IIDs  increaseddramatically  in  this  analysis  compared  to  solutions  for  a  ‘‘fj^iZeS^&e 
head.”  In  addition,  IIDs  for  a  rigid  spherical  head  depend  on  frequency,  at  low  frequencies 
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“acoustically  transparent  head”  model  is  total^Cfo??  source  at  a^articufar 

audible  frequencies.  Analysis  also  showed  a  JP  COmoonents  The  first  is  a  frequency-  and  direction- 
position  can  be  factored  into  tw®  (thePnormai  “head  shadow”)!1  The  second  depends 

*  -  °f — 

(equivalent  to  that  described  by  the  1  - _ — , - -  -- — » - -  ' 

“acoustically  transparent  head”  analysis).  (See  q  g 

Shinn-Cunningham  et  al.,  2000).  Q  g  . ^ 

New  analysis  of  free-field  localization  data  0  7-  ^ 

for  nearby  sources  (Brungart  and  Durlach,  v  •  **'*-„  . 

1999)  supports  the  torus  of  confusion  analysis.  o  0J3  N. 

In  this  earlier  study  (which  inspired  much  of  16  0.5 

the  work  performed  in  the  current  grant),  |2  o.4  \ 

subjects  were  asked  to  localize  sources  8  n  o  \ 

presented  at  a  randomly  roved  overaU  level  _  reVerberant  X\; 

from  locations  in  the  right  hemifield  by  0.2  —  anechoic 

pointing  to  the  heard  position  of  the  source.  0.1 

When  these  data  are  analyzed  in  terms  of  0 ,  the  _ _ _ ,,  -> — ....  ■  ■■■- — »•  __  '?n  -J — pn  Qn 

cone-of-confusion  angle  (corresponding  to  the  0-10  20-30  40-50  60-70  80-90 

ITD);  <b,  the  angle  around  the  interaural  axis  ^  ^ 

(corresponding  to  the  spectral  cue);  and  r,  <■  cone-of  confusion  angle  ^ 

distance  (which  is  partially  correlated  with 

IID),  patterns  of  localization  accuracy  are  easy  Correlation  (r2)  between  source  and 

to  explain.  Most  response  bias  and  response  Figure^.  {unction  Gf  source 

variability  can  be  ascribed  to  emirs  m  <))  (which  P  confusion  angle  in  anechoic 

is  calculated  from  the  relatively  ambiguous  ditions  rs0\[^)  and  reverberant  conditions 

spectral  cue)  and  r  (for  which  robust  cues  are  lines),  averaged  across  subject, 

not  uniformly  available  in  all  regions  of  space),  (dashed  lines,,  ave  g 

In  contrast,  errors  in  0  are  uniformly  small,  h  converting  .source  and  response  locations  to 

one  analyzes  the  errors  m  units  of  ISDmAm  by  owjertnjr* P  ^  magnitude  of 

corresponding  binaural  cue  values  using  found  in  discrimination  tasks.  The  average  absolute 

average  binaural  errors  are  roughly  the  slze  ofJ^® dB  ,  Shinn-Cunningham,  2000).  Analysis 
ITD  ereor  is  only  53  ns;  the  average  absolute  ^  (see  Figure  2).  The 

of  distance  perception  as  a  function  of  angle  from  Although  the  HD  varies  dramatically 

main  distance  cue  for  nearby  sources  m  anechoic  space  distance  cue  for  sources  in  this  part  of 

with  distance  for  sources  near  the  interaural  axis  (prov ding  a  rich  distance  oiett*  s  ^  ^ 

»  Hr 

™  in  distance  perfonnance  as  the 

source  approaches  the  median  plane  and  the  HD  cue  becomes  less  salien. 

We  have  also  made  some  progress  in  * neSy^onnd ^urce^In  this  analysis, 

directional  properties  of  the  pinna  vary  with  the  dis  the^relationship  between  azimuth  and 

KEMAR-maruldn  HRTFs  ^^^8^)^^^  °l 

30;6tm^""n—^ '^Its VwV  the  high-freqnency  HRTF  featuKs  va^- 


.  reverberant 
anechoic 

20-30  40-50  60-70  80-90 

<P 

cone-of  confusion  angle  v- 
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with  the  location  of  the  source  relative  to  the  ear  “ 

auditory  parallax  effect  for  nearby  sources  (Brangart,  1999).  ms  finding  «  grevam  to  ^  ^ 

tSZHSSSfZtV&L 'byyS^S^y  warping  a  single  set  of  MW  HRTOs.  This  would 
mitigate  the  technical  problems  associated  with  HRTF  measurements  near  the 

2.  Localization  in  Reverberant  Space  ^ 

In  order  to  begin  to  quantify  how  mM. i  **  "on  » .^SlS 

an  earlier  toe-field  localization  study  ^^  ^^999)™  w£  to  even  when  sources  are 
(using  a  randomly-roved  presentation  level).  The  most  ™P°rt  performance  is  significantly  better 

near  a  listener  and  the  relative  level  of  reverberatio  >  which  compares  distance  perception  in 

than  in  anechoic  space.  This  can  be  seen  in  Figure  (  rnrrelation  coefficient  between  source  and 

reverberant  and  anechoic  conditions  (plotted  as  e  s^u  _  ,  source-)  Whereas  distance  perception 

response  distance  as  a  function  of  the  cone  of  sp£e  is 

degrades  as  the  source  approaches  the  median  plane  in  anyhow  sp  ’^  ^  ™  trates  ±at  reverberation 

better  and  varies  less  dramatically  with  source  diret£™- ^  not  address  whether 

provides  a  robust  cue  for  source  distance.  Of  course,  or  [nstead  distance  information  in 

the  reverberation  cue  provides  distance  information  1  distance  performance  degrades  as  the  source 

^SSSSSI^SSSSSSti 

Another  smaller,  but  no  less  interesting,  different tp^paSlyhnprovM 
performance  was  also  evident.  Locali^tion  accuracy  of  su^ bjects  ^verbetant ; jn  JCTy  Pspatiaj 

SaTeS^^ 

In  sum,  even  when  revetberation  is  relatively  quiet  (i.e  for  j^tioS 

K"w»“ta\"'Si^tionC  n,  Shows  statistically  significant  improvements; 
however  the  absolute  magnitude  of  these  effects  is  small. 

these  transition  times,  the  listener  would  get  g  reverberation  decay  pattern  in 

sssssss^sfesssayss 

presence  of  rapid  temporal  modulations  of  the  source  signal. 

3.  Robust  Simulation  of  Distance  Cues 

is 

different  directions  in  both  anechoic  and  reverberant  conditions  using  headphones. 
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Measurements  of  the  HRTFs  in  the  reverberant  room  used  in  the  real-world  localization  experiments 

Wca,  •■aUofc" 

^TF  for  Sa  source  at  the  position  of  the  speaker)  and  reverberant  energy  (the  superposition  of  many 

aSvedAs  a  resuMhese  HRTFs  could  either  be  time-windowed  to  generate  pseudo-anechoic  simulations 
or  used  in  full  to  generate  reverberant-room  simulations. 

The  measured  “anechoic”  and  reverberant  HRTFs  were  convolved  with  noise  samples  (identical  to 
thnseused^tf  the  reabroom  localization  experiments)  to  generate  headphone  simulations  of  sources  along 
thelnteraural  Ss  or  in  fte  mSfan  plane  at  various  distances.  As  in  the  real-world  localization  task,  overall 

presentation  level  was  randomly  roved  to  _ _ _ . — . 


* 

ANECHOIC 


remove  intensity  as  a  distance  cue.  Stimuli  g  lateral 

were  presented  both  monaurally  (where  the  ^p'  q  medial  •  ■  • 

signal  to  the  left  earphone  was  turned  off)  or  n  ft  ■  .  ,.  x  ■ 

binaurally.  Trials  were  blocked  by  condition  B  average  (x  subj.)  -  -  „ 

(anechoic  monaural,  anechoic  binaural,  j£  iSPind.  subj.  _  ■  # 

reverberant  monaural,  and  reverberant  |jJ  0.6  -  D  ■  • 

binaural)  with  blocks  presented  in  random  q  f  § 

order.  No  feedback  was  provided  to  the  q  >  B  , 

subjects  during  the  experiment.  .  0.4  °  Q  T  " 

We  hypothesized  that  in  the  anechoic  g  rhanre  level  ^  . 

monaural  condition,  subjects  would  be  poor  at  q  q  2 - —  -  ” 

judging  distance,  but  that  in  the  anechoic  ^  Q 

binaural  condition,  subjects  would  be  good  at  ©is 

distance  judgements  for  lateral  sources  and  oMH  Q  V  "3c  Ts 

poor  for  medial  sources.  If  reverberant  J*  J* 

distance  cues  were  primarily  monaural,  then 

the  reverberant  monaural  and  reverberant  . .  dq/cddcdakit 

binaural  results  would  be  similar  for  the  ANECHOIC  REVERBERANT 

medial  sources.  However,  since  reverberation  _  r  ,  (  2\  Kptween  source  and 

will  decorrelate  the  signals  at  the  two  ears.  Figure  3:  Correlation  (r)  betweensourceana 

nerformance  might  be  generally  better  for  response  distance  m  headphone  experimenis. 

^SfbtafL  to  for  reverberant  Anechoic  results  Celt)  are  generally  below 

monaural  presentations.  Finally,  if  reveAeram  chance;  reverberant  r“"'tsb  ("gh^sult 

binaural  results  were  better  than  reverberant  generally  good.  For  reverberant  results, 

monaural  sources  for  lateral  but  not  medial  latera  results  (squares )are  bet^  than 

sources,  it  would  indicate  that  the  medial  (circles)  and  monaural  results 

reverberation  cue  was  primarily  monaural,  but  comparable  to  bmaura  . 
was  used  in  addition  to  the  binaural  IID  cue. 

Figure  3  Dlots  the  square  of  the  correlation  coefficient  between  source  and  response  distance 
(seDaratelv  forPeach  condition  and  for  lateral  and  medial  sources).  In  fact,  the  most  obvious  finding  was 
that  the  anechoic  results  (left  side  of  the  figure)  resulted  in  uniformly  poor  distance 
distance  correlation  failing  to  be  significantly  stronger  than  chance  (within  &95% '  co^dence  ] ^erv  ^ 
This  result  held  even  for  binaural  presentations  of  lateral  sources,  where  there  was  a  15  dB  change  in  the 
HD  with  distance  for  the  simulated  sources. 


REVERBERANT 


medial  sources.  However,  since  reverberation  _  (  2c  between  source  and 

will  decorrelate  the  signals  at  the  two  ears.  Figure  3:  Correlation  (r  )  between  source  ana 

nerformance  might  be  generally  better  for  response  distance  m  headphone  experiments. 

btofL  to  for  reverberant  Anechoic  results  Celt)  arc  generally  below 
monaural  presentations.  Finally,  if  reveAeram  chance;  reverberant  r“"'tsb  <"ght^sult 
binaural  results  were  better  than  reverberant  generally  good.  For  reverberant  results, 
monaural  sources  for  lateral  but  not  medial  latera  results  (squares)  ^  better  than 
conrr.es  it  would  indicate  that  the  medial  (circles)  and  monaural  results 
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smmwMSmmW 

esssssssssses 

what  occurred.  .  , 

For  the  lateral  sources  in  reverberant  conditions,  distance  judgements  ™ 

MsmmmmBmm 

as#£sssss=r£sSKSsSSisai 

those  in  the  current  study. 

dist^e  cue^h^&^anechoic  IDd'  cuel  £ta5^^  effect 

^ i 

takes)  is  mapped  to  perceived  source  distance. 

A  follow  ud  exoeriment  was  performed  to  ensure  that  the  large  HDs  in  the  anechoic  binaur 
simulations  of  lateraf  sources  were  perceptible.  In  this  experiment,  subjects  performed  a  sev^-dtemative 
forced-choice  task  in  which  only  the  seven  lateral  sources  were  presented  bmauraUy  at  raxrdom  level  s ,  b  ^ 

SS3SSsSSS?2iSssS£aS 

SsSally  better  than  chance  aSd  the  sixth  subject's  performance  approaching 

anechok  cues  can  convey  distance  information  for  lateral  sources  in  anechotc  space;  however,  these  cues 
are  not  as  robust  or  as  compelling  as  reverberant  distance  cues,  at  least  for  headphone  simulations. 

4.  Models  of  Distance  Perception 

uear^S^^ 

perceived  ^mulh  location.  The  petceived  distance  equals  the  actual  distance  that  would  produce  the  IID 
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matching  the  listener’s  perceptual  estimate  nrtd 

in  the  responses  that  were  observed  behavioral  y.  rWrees  from  the  median  plane; 

performance  reasonably  accurately  for  lateral  j  (where  no  non-binaural  cues  are 

however,  the  model  underestimates  performance  m  *e  radm  ^  model 

available  to  listeners).  This  model  makes  a  perceived 

assumes  that  ITD  and  ED  are  separately  available  to  the  Jhstener  and  th^  liu  mo^  source  direction 

direction  (i.e.,  there  is  no  Of  coute,  Zcdo  nT^c  that  these 

is  perceived  perfectly  (except  for  possible  front/back  rev^  )•  whethef  we  could  model  the  accuracy 
assumptions  are  entirely  correct.  We  were -simply .  ^  §  ^P1  tQ  extract  reliable  directional  information 

(eiSom^Sm  rTDandDD  cues)  and  then  used  d»  to  determine  distance 

In  reverberant  space  (and  reverberant  simulation^  ft tad 

some  monaural  attnbute  of  the  total  signdreaclnng  the  ear  .  y  9gg  pH  this  model  assumes 

distance  perception  has  been  inversely  with  the  square 

that  sources  are  relatively  far  away  so  that  the  m  ty  direc[  solm(i  intensity  increases  more 

of  the  source  distance.  For  sources  relatively  ck.se  to  the  head  the^uec^sou  ^  fQr  medial 

rapidly  than  this.  In  fact  the  direr*  sound  intensi^  tncreasK  more^  ^  for  n 

sources  (i.e.,  there  is  a  directional  de^ntta aj  of  ta  tectmrevert reran  ^  judgements  are 

sources).  If  one  were  to  refine  the  proposed  model  of  di  ^  Pin  a  particular  (perceived)  direction, 
based  on  the  appropriate  direct-to-reverberan  gy  mnnaurallv  nresented  medial  sources  reported 

it  would  predict the  direction  of  the  response  teas ;  seen  model  Mis  to 

in  the  previous  section.  However,  our  analysts  shows even  a  wdunddbe  even  larger  than  was 
predict  the  magnitude  of  the  bias  we  ob^rueA  In  p  ^  ti  o(  neMby  sources  and  to  take  into 

c“ta  Echoic  space;  see  Weed, 

Hartmann,  and  McCaskey,  1999).  ,  . 

As  a  result  of  our  analysis,  we  have  IcoW  for  ^"^"any' that  can 
perception  for  nearby  sources  m  reverberant  space  As  y  >  correlation,  monaural  autocorrelation, 

416 10,31  signal " 

the  ears  rather  than  on  the  energy  in  the  reconstructed  room  HRTF. 

5,  Predictions  of  Spatial  Unmasking  in  Anechoic  Space  .. 

we  have  made  substantial  progress  is  in  Z 

arise  for  sources  within  reach  of  a  listener.  In  particul  ,  .Olirceo  ciQSe  to  the  head.  This  analysis  is 

predict  both  interaural  phase  and  intensity  ^rences  ^es^  out  for  neaxby  target  and 

particularly  relevant  for  understanding  ho  P  -  aspects  of  the  conditions  that  can  arise  for 

=&ucoS  - listener  is  &at 

the  overall  energy  received  at  the  ears  changes  dramatically  with  source  distance. 

We  have  analyzed  how  the  “received  energy”  gte 

rhe°rrr£nr=T^mp^^  &  *** 

configurations  overwhelmingly)  to  the  observed  changes  m  the  detection  threshold, 
sim^^ 
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changes  in  detection  thread $£%%%£ 

which  ear  is  the  better  ear  must  take  into  account  the  relative  dtswnces  ^ot  ^  ^  t^et  is 

ears.  For  example,  if  a  masker  is  very  close  to  the  g  (  g  though  the  target  source  is 

farther  away  (but  in  the  same  the  masker  is  more  than 

directly  to  the  right  side  of  the  head.  This  better-ea-  ad  g  w  is  pronounced  for  nearby  sources, 
a  meter  away  (i.e  there  is  no  better  HD  cues.  For  a  given 

Predictions  for  which  ear  is  the  better  < ear rare >  easily  *  yield  the  same  SNR  at  both  ears  (i.e., 

-  - » "  m  ton  4,6  masker>  fte 

better  ear  (that  with  the  better  SNR)  is  the  ear  - — - —  “  ) 

for  which  the  HD  is  bigger  than  for  die  _  ISSn 

masker.  In  other  words,  if  the  masker  yields  •  \  \  . . _ - 

an  HD  of  10  dB  favoring  the  right  ear  and  the  £  0  6j  U,/— 

target  yields  an  HD  of  8  dB  favoring  the  right  =  tirst  reflection 

ear,  the  left  ear  has  a  better  signal  to  noise  go  .4  /  *** 

ratio  than  the  right  (by  2  dB).  Of  course,  the  t  n,  X  J 

actual  HDs  that  arise  for  nearby  sources  vary  g  /  ^ " 

dramatically  with  frequency.  Therefore,  it  is  o  o  — - 

very  likely  that  the  better  ear  at  one  frequency  g 
is  not  the  better  ear  for  all  frequencies.  &  ^ 

Combining  these  observations  with  die  ^  ,0  4 
standard  Colburn  model  (Colburn,  1973)  a. 
allows  one  to  predict  detection  thresholds  for  £  -o.e 
narrowband  targets  at  various  locations 

relative  to  a  wideband  masker.  For  many  _ _ _ _ ( _ | 

target/masker  geometries,  the  predicted  -i 0  100  2oo  300  400  500  600 

amount  of  binaural  gain  (i.e.,  the  unmasking  Time  (ms) 

—  £  Figure  4:  Time-domain  impulse  response^! 

But  for  all  spatial  configurations  studied  with  the  ear  of  a  listener  f°r  a  ,  _  .  i 

Bult°l ®“  i  5c  1  meter  from  the  head  at  ear  level, 


I  01 


first  reflection 

(floor) 


j§  -0.6 


*1  n  100  200  300  400  500  600 

Time  (ms) 

Figure  4:  Time-domain  impulse  response  at 
the  ear  of  a  listener  for  a  source  in  a  room 


Blit  for  all  spatial  configurations  studied  with  the  ear  ot  a  listener  ior  a  suultc  ‘“  , 

"  “  gam  is  "ways 

significant  (3-10dB).  initial  2S  ms  of  response,  including  direct 

6.  Preliminary  Measurements  of  sound  and  first  reflection 

HRTFs  in  Reverberant  Space 

We  have  begun  to  analyze  the  acoustic  effects  of  mv^e™.  “g^^J^L^SIrant 
ears  in  order  to  identify  and  test  alternative  hypoth  ri prided  to  switch  from  using  Golay  codes 

tousingMaxhminfLen^di'sequences^g^see Sfeand Vanderkooy,  1989;  Vanderkooy,  1994)  in  order 
to  get  more  robust,  reliable  measures  of  room  HRTFs. 

Results  of  analysis  of  our  individual^  ffiTC  u^g  £HL£ ^  ®Xc 

Many  acoustic  features  vary  wito  distance  nf '  stwtoe^  sZid 

be  able  to  predict  the  behavioral  results  observed.  For  instanc  F  ^  ^  d  Houtgast  (1999)  to 

Sere£^X“"^^  ■»“  “  fM  tW°  S°Ur“ 
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directions  at  both  the  left  and  right  ears.  The  direct-to-reverberant  energy  ratio  does  provide  a  distance  cue 
However,  it  should  be  noted  that  nearly  any  other  attribute  of  the  signals  reaching  the  ears  that  vary  wi 
reverberation  with  be  correlated  with  the  changes  in  the  direct-to-reverberant  energy  ratio. 
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